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Introduction

An estimated 1Æ5 million cases of foodborne illnesses,

resulting in over 17 000 hospitalizations and 600 deaths,

are linked annually in the United States to infections

caused by nontyphoidal Salmonella and enterohaemor-

raghic (EHEC) Escherichia coli O157:H7 (Mead et al.

1999). Escherichia coli O157:H7 infections are respon-

sible for 2001 hospitalizations and 61 deaths annually

(Mead et al. 1999). An annual occurrence rate of eight

infections per 100 000 inhabitants or higher has been

reported from the United States, Japan, Scotland, Can-

ada and United Kingdom, and the infections are five to

10 times higher in some countries of South America

(Pacheco-Ferreira et al. 2002). Outbreaks are frequently

associated with consumption of contaminated food

(meat, dairy products, fresh produce) or drinking water

that was exposed to pathogen-laden animal manure or

irrigation water, aerosols, and vectors tainted with man-

ure (Beuchat and Ryu 1997; Janisiewicz et al. 1999;

Park et al. 1999; Lee et al. 2002). Domestic livestock,

particularly confined animals with long-production lives,

such as dairy cows, represent an established primary

reservoir for human pathogenic bacteria (Pell 1997;

Himathongkham et al. 1999; Jones 1999). One firewall

in the prevention of foodborne outbreaks is to minim-

ize the risk of on-farm manure contamination of food

products. Designing effective and sustainable interven-

tion strategies requires an understanding of pathogen

survival dynamics in farm environments.
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Abstract

Aim: To determine the survival of Escherichia coli O157:H7 in dairy wastewater

from on-site holding lagoons equipped with or without circulating aerators.

Methods and Results: Survival was monitored in dairy lagoon microcosms

equipped with or without scale-size circulators. Both laboratory strains of

E. coli O157:H7 and an isolate of E. coli H7 from wastewater had poor survival

rates and none proliferated in water from waste lagoons with or without circu-

lators. Furthermore, the decline of E. coli O157:H7 was not enhanced in those

microcosms equipped with circulators. Strain variation in survival was observed

in both circulated and settling waters. The decline rate of E. coli O157:H7

Odwalla strain increased proportionately with the inoculum load. Escherichia

coli failed to establish itself in wastewater even after four sequential inocula-

tions simulating continuous faecal input into the lagoon. The native aerobic

bacteria survived longer with a decimal reduction time of 21Æ3 days vs either

introduced or native E. coli, which declined rapidly with decimal reduction

time of 0Æ5–9Æ4 days.

Conclusions: Escherichia coli O157:H7 failed to establish and proliferate in

dairy wastewater microcosms equipped with or without circulating aerators.

Significance and Impact of the study: This study furthers our knowledge of

pathogen survival in wastewater, and suggests that proper management of

wastewater before its use in irrigation is essential to reduce pathogen transfer

to crops.
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Concentrated animal production systems that generate

large volumes of manure in small areas are increasingly

the norm in many regions of the world. In California,

dairy operations with average herds of 900 cows are com-

mon and are designed largely as free-stall operations.

California also has an intensive integrated agricultural

network with large dairies located in close proximity to

extensive production fields for fruits and vegetables, and

other agricultural commodities. In free-stall dairies, the

lanes where the cows rest and feed are most efficiently

cleared of manure by regularly flushing with water that is

then collected in on-site holding lagoons. Water conserva-

tion encourages the re-cycling of wastewater for lane

washing and for irrigation of crops ultimately used as

silage on the dairy. In terms of the life-cycle analysis of

foodborne pathogenic bacteria, a pressing question is

whether holding lagoons are an on-site reservoir for long-

term survival or proliferation of pathogens. If so, then

understanding the factors that influence pathogen com-

petitiveness in this environment will facilitate the devel-

opment of intervention strategies to break the cycle. For

example, the incidence of faecal shedding of E. coli

O157:H7 has been reported to be eight times higher in

dairy herds when lanes are flushed than when alternate

manure clearing methods are used (Garber et al. 1999).

The reason for this difference is unknown, but long-term

persistence (Ibekwe et al. 2002) and growth of pathogens

(Avery et al. 2005) in the re-cycled water in holding

lagoons would offer an explanation. Several studies have

monitored on-farm shedding and prevalence of E. coli

O157:H7 (Hancock et al. 1994, 1997; Garber et al. 1999;

Laegreid et al. 1999; Elder et al. 2000), and a link has

been established between high livestock densities and sur-

face water contamination with E. coli O157:H7 (Johnson

et al. 2003). However, pathogen population dynamics in

dairy wastewater remains largely unknown.

Environmental survival of pathogens in solid manure

and manure slurries is poorly understood, but found to be

influenced by a number of factors. Escherichia coli O157:H7

survived for 21 months in manure from experimentally

inoculated animals, when the manure was simply piled out-

side and exposed to fluctuating conditions, but it survived

only for 47 days when stored under aerated conditions

(Kudva et al. 1998). The rate of destruction of E. coli

O157:H7 and Salmonella was observed to be temperature

related during the storage of contaminated cattle and poul-

try manure (Himathongkham et al. 1999, 2000). The fastest

decline was observed at increasing, but at nonlethal tem-

peratures ranging from 4 to 37�C. Escherichia coli O157:H7

survived for longer than 2 months in bovine faeces at tem-

peratures below 15�C (Bolton et al. 1999; Avery et al.

2004). A simple intervention which can result in dramatic

reductions in pathogen populations in stored manure, even

at low temperatures, is aeration (Heinonen-Tanski et al.

1998; Kudva et al. 1998).

Aeration technology for manure-holding lagoons has

gained popularity, because it appears to reduce odours

and slime, and accelerate the decomposition of solids

(Heber et al. 2002; Hill and Sobsey 2003). This study was

aimed at determining the fate of E. coli O157:H7 in

wastewater from dairy manure-holding lagoons with and

without circulating aerators. Aerated and nonaerated

microcosms were established using water from either

lagoon equipped with or without circulators. Wastewater

was collected from the lagoons over a period of

18 months to examine the influence of seasonal fluctua-

tions in factors that may affect pathogen survival (e.g.

microbial communities and chemical changes). Variation

in survival among different pathogen strains and the

impact of pathogen loading (e.g. re-introduction by

re-cycling wastewater for lane flushing) were examined.

Materials and methods

Manure wastewater

Flush water was collected from aerated and nonaerated

manure lagoons from two medium-sized (c. 800 milking

head) dairies (Oakdale, CA, USA). These dairies were

chosen for their similarities in lagoon size, water charac-

teristics, and dairy management practices. Both the dairies

were located within a kilometre of each other, were

exposed to the same weather, and the cows were fed sim-

ilar diets formulated by animal nutritionists. Both the

lagoons had approximately the same holding capacity

(c. 95 · 106 l) with similar loading rates. The only notice-

able difference between these two dairies is the use of

three vortex CirCulatorsTM (Circul8 Systems, Reardon,

WA, USA; Rumburg et al. 2004) by dairy A in its lagoon.

Dairy A separates manure solids by holding the alley flush

water for <24 h in a temporary settling pit (c. 1 · 106 l)

to allow the manure solids to settle. Water from the set-

tling pit is then pumped into the lagoon equipped with

circulators. The circulators continuously mix the water in

the lagoon bringing water from the bottom to the surface.

Dairy A uses the water from its circulated lagoon for

flushing the free-stall lanes and to irrigate and fertilize

pastures. Dairy B did not use circulators and also

re-cycled its water from the stationary lagoons to flush

the lanes.

Isolation of Escherichia coli O157:H7 from manure and

wastewater

Approximately 100 samples from dairies A and B were

collected during summer and winter months on six
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occasions over a 2-year period. Samples included pooled

fresh manure, wastewater from circulated and settling

lagoons, and dry manure from on-site manure piles. One

millilitre or 1 g of samples were inoculated into 9 ml of

GN broth (Difco, Detroit, MI, USA) supplemented with

vancomycin, cefixime, and cefsulodin (Elder et al. 2000)

to enrich E. coli O157:H7. Anti-E. coli O157 Dynabeads�
were used following the manufacturer’s instructions (Dy-

nal Biotech Inc., Lake Success, NY, USA) for low-level

detection from wastewaters and enrichments. One hun-

dred-microlitre portions of serial dilutions of wastewaters

and enrichments were plated on sorbitol MacConkey agar

supplemented with cefixime and tellurite. Enrichments

and plated media were incubated at 37�C for 24 h.

Wastewater microcosms to monitor the fate of

Escherichia coli O157:H7

Freshly collected wastewater, acclimated overnight at

room temperature, was used to prepare the microcosms

in order to monitor the fate of inoculated pathogens. All

pathogen fate studies were conducted at inocula of 105–

107 CFU ml)1. The tests were conducted in either 1-l

microcosms, magnetic culture vessel fitted with stir bar

suspended from the closure (Nalgene), or in large cylin-

drical jars (6Æ6 l, 152 · 457 mm, Kimax) aerated with

miniaturized overhead re-circulating mixers (Circul8 Sys-

tems). Aeration was maintained by re-circulating the

water column in a gentle vortex motion without turbu-

lence. The mixing process, as optimized by the manufac-

turer, closely simulates the re-circulation observed in

wastewater lagoons equipped with commercial circulators

(Circul8 Systems). Samples were collected at the circula-

ting zone of the mini re-circulators, which is approxi-

mately 15 cm below the surface. Nonaerated microcosms

were sampled at the same depth. Microcosms prepared

using wastewater from the lagoon equipped with circula-

tors were incubated under mixing, while water from the

lagoon without circulators was used to produce nonaer-

ated microcosms. The microcosms were incubated at

23 ± 2�C. The microcosms were sampled for 6 weeks or

until the introduced organisms could no longer be detec-

ted on two consecutive samplings. Zero time samplings

were done 1 h after inoculation to the wastewaters. The

die off of the organism during acclimation is ignored in

survival rate determinations. The temperature of the

un-inoculated microcosms was monitored continuously

with an immersion probe and a Dickson FT121 electronic

recorder (Dickson, Addison, IL, USA). Dissolved oxygen

was measured with an YSI 5100 oxygen metre equipped

with a 5010 self-stirring BOD probe (YSI, Inc., Yellow

Springs, OH, USA), and pH was monitored with an Acc-

umet AP63 pH metre (Accumet-Fisher, Hampton, NH,

USA). Chemical analysis of wastewaters from both dairies

was performed (A & L Western Agricultural Labs. Inc.,

Modesto, CA, USA).

Enumeration of pathogens and native bacteria

Both outbreak and naturally occurring strains of E. coli

O157:H7 (Table 1) used to inoculate the microcosms

were selected for spontaneous rifampicin and nalidixic

acid resistance. Survival was monitored by plating 100-ll

portions of serial dilutions of wastewater in phosphate

buffered saline (0Æ01 mol l)1, pH 7Æ4) on Luria-Bertani

(LB) agar supplemented with 100 lg ml)1 of rifampicin

and 50 lg ml)1each of nalidixic acid and cycloheximide

(LB-RNC agar). The presence of additional nalidixic acid

resistance was necessary for differentiating the native rif-

ampicin-resistant (rifR) colonies from the test strains

used. Cycloheximide was used in the plating media to

control fungi. The detection of pathogens from undiluted

manure water was improved by plating triplicate 100-ll

samples and pooling the counts. The detection of low-

level and sublethally injured cells was accomplished by

24-h pre-enrichment of 1 ml of wastewater in 9 ml of LB

Table 1 Bacteria used in wastewater survival tests

Organisms* Strain no. Source Details

Escherichia coli O157:H7 MM100 Odwalla orange juice outbreak FDA strain no. SEA13B88

E. coli O157:H7 MM149 Dairy manure Isolated 8/93, NW Oregon

E. coli O157:H7 MM202 Dairy manure Isolated 8/94, West Washington

E. coli H7� MM158 4-week-old calf California veal farm, VMTRC#8051-B (Veterinary Medical

Teaching and Research Center, Tulare, CA, USA).

E. coli H7�� MM260 Circulated lagoon of dairy A Isolated during this study

*Organisms were sequentially screened for rifampicin (100 lg ml)1) and nalidixic acid (50 lg ml)1) resistance. Colonies were selected on Luria-

Bertani (LB) agar supplemented with incremental amounts of antibiotics (10–25 lg ml)1) in each screening cycle. Wild-type strains were from the

Produce Safety and Microbiology Unit, USDA, ARS, Albany, CA, USA.

�Serotyped by ELISA. Not reactive with O126, O111, and O157 antibodies.

�Identified by 16S rDNA sequencing (Microbe Inotech Labs., St Louis, MO, USA).
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broth supplemented with 100-lg ml)1 rifampicin (LB-R

broth). Tenfold serial dilutions of enrichments were pla-

ted on LB-RNC agar for qualitative detection of low level

and stressed cells that could not be detected by direct pla-

ting of wastewater dilutions. The populations of native

coliform and aerobic bacteria were monitored by analy-

sing 1-ml dilutions of samples on petrifilm E. coli/coli-

form and aerobic count plates (3M Microbiology

Products, St Paul, MN, USA). Except for aerobic count

plates that were incubated at 25�C, the enrichments and

enumeration plates were incubated at 37�C. Escherichia

coli O157:H7 from un-inoculated wastewater were monit-

ored as described previously.

Fate of Escherichia coli O157:H7 in wastewaters at

different inoculum levels

The influence of inoculum load on survival was monit-

ored using E. coli O157:H7 strain MM100. Four separate

6-l circulated wastewater microcosms were established

using dairy A circulated water. Inoculum levels ranged

from 7 · 103 to 1 · 107 CFU ml)1. Likewise, wastewater

from the temporary settling pit (from dairy A) was used

to prepare four 6-l noncirculated microcosms, and these

were inoculated as the circulated microcosms. The micro-

cosms were monitored for pathogen decline at 0, 1, 2, 5,

8, 14, and 21-day intervals. To control the risk of patho-

gen spread through aerosols, these large open vessels with

or without overhead circulators were incubated inside

level 2 biological safety hoods. To avoid cross-contamin-

ation through aerosols, the noncirculated microcosms

were incubated in a separate hood. The organisms were

also monitored at different depths (2, 8, 20, and 40 cm)

of the 41-cm water column to determine the influence of

oxygen gradient on their survival. Dissolved oxygen was

measured from the same sampling depths.

Fate of Escherichia coli O157:H7 in wastewaters from

circulated and settling lagoons

The survival of E. coli strains MM149 and MM158 was

evaluated between February 2002 and April 2003 (eight

trials) in freshly collected circulated and noncirculated

wastewaters from dairy A. Survival of the same two

strains was also evaluated in triplicate microcosms estab-

lished with circulated wastewater from dairy A, and com-

pared with noncirculated water from dairy B during

September 2002–April 2003 (four trials). One-litre micro-

cosms were established in these comparisons.

In addition to the aforementioned comparisons, the

survival of five different strains of E. coli (Table 1) was

also monitored in wastewaters collected 15 times from

both dairies during a period of 17 months to determine

strain variations and seasonal influence on pathogen

fate. About two to three replicated microcosms were

used in these comparisons. The microcosms were sam-

pled for 6 weeks or until the introduced organisms

could no longer be detected on two consecutive sam-

plings. Native coliforms and aerobic bacteria were also

monitored.

Acclimation of Escherichia coli O157:H7 in wastewaters

The continuous shedding of pathogens and their potential

acclimation in re-cycled wastewater used for lane wash-

ings was simulated by repeated inoculations with strain

MM158 into 6-l microcosms. The organism was intro-

duced at 3 · 105 CFU ml)1 into microcosms that were

established using water from circulated and settling

lagoons on dairy A. The microcosms were re-inoculated

at the same level on days 17, 28, and 36. This was accom-

plished by the addition of 8-ml overnight growth of

MM158 in LB-RN broth with an OD adjusted to 0Æ35 at

600 nm. The populations of MM158 in microcosms were

monitored before and after inoculations and at various

intervals by plating the dilutions of wastewater in phos-

phate-buffered saline on LB-RNC agar.

Fate of native bacteria from wastewater

Native bacteria in wastewaters from circulated (dairy A)

and settling (dairy B) lagoons were acclimated to tolerate

100 lg ml)1 of rifampicin by incubating 1 l of each water

treated with the antibiotic for 24 h at 23�C. The organ-

isms were concentrated at 4000 g for 20 min at 4�C, and

reconstituted in 100 ml of the source wastewater without

rifampicin. Ten-millilitre portions of each concentrate

containing rifR organisms were inoculated into triplicate

250-ml Erlenmeyer flasks, each containing 90 ml of water

from circulated and noncirculated lagoons from dairies A

and B, respectively, and incubated for 67 days. The treat-

ments of circulated water were incubated on a gyratory

shaker operated at 120 rev min)1. The rifR bacteria in

microcosms were monitored at various intervals by pla-

ting 100 ll of serial dilutions of wastewater on LB agar

supplemented with 100 lg ml)1 of rifampicin and

50 lg ml)1 of cycloheximide.

Statistical analysis

The pathogen decline numbers from each microcosm

were transformed logarithmically and the days required

for one log decline (D-value) were calculated from lin-

ear regression of log cell number decline over time.

Analysis of variance (anova) tests (SigmaStat 3Æ0; SPSS

Inc., Chicago, IL, USA) were performed to determine if

Survival of E. coli O157:H7 in dairy lagoons S.V. Ravva et al.
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the circulation of wastewater, the dates of water collec-

tion, and the strains of E. coli had any influence on

the survival of organisms in wastewater. Specifically,

two-way anova tests were performed on D-value data

with circulation status of wastewater and strains as

treatment factors. If differences in least square mean

D-values between the strains were not significant, then

two-way anova was performed to determine the sea-

sonal influence on survival by analysing circulation

status and wastewater collection dates as treatment fac-

tors. The strain differences were ignored in these tests.

anova tests were performed at P > 0Æ05 for normality

and equal variance tests and the test of significance was

set at P ¼ 0Æ05.

Results

Detection of Escherichia coli O157:H7 in wastewaters and

monitoring its survival at different inoculum levels

Escherichia coli O157:H7 was not detected in manure and

wastewater samples from dairies A and B. Efforts to iso-

late E. coli O157:H7 by direct plating of dilutions of man-

ure and wastewater in selective isolation media or by

immuno-magnetic separation followed by plating on

selective media were unsuccessful. As the pathogen was

not detected in wastewaters, the fate of naturally occur-

ring E. coli O157:H7 could not be monitored. Escherichia

coli O157:H7 Odwalla strain (MM100), inoculated at dif-

ferent levels (7 · 103–1 · 107 CFU ml)1), declined rapidly

in 6-l microcosms established with water from either the

circulated lagoon or the settling pit from dairy A (Fig. 1).

The rate of decline of the Odwalla strain was identical in

both the microcosms, and in general, the rate of decline

of the introduced pathogen increased proportionately

(r2 ¼ 0Æ997) as the inoculum increased from 103–

107 CFU ml)1 in both the aerated and nonaerated micro-

cosms. Escherichia coli O157:H7 Odwalla declined to

undetectable levels within 14 days regardless of the inocu-

lum level or aeration status. An identical population

decline was observed in those samples taken at four

depths (2–40 cm) from both circulated and noncirculated

microcosms (data not shown).

We observed no difference in decline rate for E. coli

O157:H7 strain MM149 (D-value ¼ 3Æ0 ± 0Æ5 days) in

1- and 6-l microcosms established using circulated

wastewater from dairy A. Thus, 1-l microcosms were

used in all the subsequent comparisons of the survival

of pathogen in wastewaters. No dissolved oxygen was

detected in any of the samples from both the circulated

and noncirculated microcosms. No change in pH was

observed in wastewater microcosms during the incuba-

tions.

Detection of low level and stressed cells of Escherichia

coli O157:H7 in wastewaters

In an attempt to detect low levels and stressed cells, the

survival of three strains of E. coli O157:H7 (MM100,

MM149, and MM202) in circulated wastewater from

dairy A was monitored before and after 24-h pre-enrich-

ments in LB-R broth followed by plating on LB-RNC

agar. Pre-enrichments were designed to qualitatively

detect low levels of cells. Consequently, the enriched

counts were not used in D-value determinations. All three

strains behaved similarly and declined rapidly with D-val-

ues of 1–2 days as measured by direct plating of waste-

water dilutions. In an example shown in Fig. 2, strain

MM100 declined rapidly to undetectable levels in <6 days

by direct plating, but was detected at high population

levels for up to 8 days as a result of pre-enrichments. A

high proportion of cells were detected after pre-enrich-

ments, while they were not detected by direct plating of

wastewater dilutions. Furthermore, the other two strains

could not be detected after 8 days by direct plating and

after 2 weeks with pre-enrichments.

Survival of Escherichia coli in wastewater from lagoons

without or with circulators

The influence of continuous circulation of the lagoons on

the survival of E. coli strains MM158 and MM149 in
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Figure 1 Fate of Escherichia coli O157:H7 (MM100) at different ino-

culum levels in 6-l manure water microcosms from circulated lagoon

(d) and settling pit (s) from dairy A. Rates of decline were from 24-h

incubations. Regression equation for decline in aerated water is

shown.
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wastewaters collected from dairies A and B was

monitored (Table 2). The inoculated organisms failed to

grow in waters from either dairy and they declined rap-

idly in both the circulated and unmixed microcosms. The

data also indicate that circulation of the lagoon did not

accelerate the decline of pathogenic E. coli. No significant

difference in the mean D-values for E. coli strains was

observed for tests in circulated water from dairy A com-

pared with settling waters from either dairy A (P ¼ 0Æ87)

or dairy B (P ¼ 0Æ15). An example of identical population

decline of strain MM149 (D ¼ 6Æ4 ± 0Æ5 days) from both

circulated and noncirculated wastewaters is shown in

Fig. 3. The native coliforms were observed to decline rap-

idly with decimal reductions comparable (D ¼ 7Æ6 days)

with those observed with the introduced E. coli strains. In

contrast, native aerobic bacteria persisted (D ¼ 27Æ7 days)

in these microcosms using both circulated and settling

water (Fig. 3). Native coliforms were generally not detec-

ted after 2 weeks. Dissolved oxygen was not detected at

any instance during the incubations in either the circula-

ted or unmixed wastewater microcosms.

Seasonal influence on survival of introduced Escherichia

coli in wastewaters

Seasonal influence on survival of two E. coli strains

(MM149 and MM158) was measured in microcosms pre-

pared with circulated water from dairy A and noncircu-

lated water from dairy B. A significant seasonal influence

(four samplings, P ¼ 0Æ004; two aerations, P ¼ 0Æ084;

two-way anova) on reduction of both strains was

observed only in waters collected during November 2002

(mean D ¼ 5Æ1 days) as compared with water collected

during April 2003 (mean D ¼ 2Æ5 days). Pathogen decline

was not significantly different in wastewaters collected

during the months of September 2002 (mean D ¼
3Æ0 days), December 2002 (mean D ¼ 3Æ9 days), and

April 2003. Both strains declined similarly (P ¼ 0Æ736)

from wastewaters at all sampling intervals. An example of

the seasonality on the survival of MM149 in circulated

water from dairy A is shown in Fig. 4. The D-value

appeared to be inversely related to the average monthly

temperature (r ¼ -0Æ6) of Oakdale, CA (http://www.city-

data.com/city/East-Oakdale-California.html). As the tem-

perature declined from 23 to 12�C during September to

November, the D-value increased from 1Æ5 to 5Æ9 days.

Tests using samples collected during November to

December also resulted in longer survival of three of the

five E. coli strains (Table 3) compared. In addition, D-val-

ues from individual microcosm tests conducted during

several months from both dairies ranged between 0Æ5 and

9Æ4 days (Table 3). However, the survival of E. coli could
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Figure 2 Detection of stressed cells of Escherichia coli O157:H7

strain MM100 in circulated wastewater from dairy A. The organism

was enumerated on Luria-Bertani- rifampicin nalidixic acid cyclohexi-

mide (LB-RNC) agar plates by plating serial dilutions of wastewater

(d) and the 24-h pre-enrichments of wastewater in LB-R broth (s).

Table 2 Influence of circulating aeration on the survival of Escherichia coli in manure wastewaters from two dairies

Wastewater comparisons* No. of trials Replicates

Mean D-value, d�

Circulation Strains

Circulated Settling P-value MM149 MM158 P-value

Circulated A and settling A 8 2 3Æ1 3Æ0 0Æ87 2Æ5 3Æ1 0Æ18

Circulated A and settling B 4 3 3Æ2 4Æ2 0Æ15 3Æ6 3Æ8 0Æ74

*Tests in 1-l microcosms. Survival in wastewaters from circulated lagoon of dairy A was compared with temporary settling lagoon of dairy A and

permanent settling lagoon of dairy B. Microcosms of circulated wastewater were continuously mixed during the incubations, while the settling

water microcosms were not.

�Least square mean D-values are from two-way ANOVA with water source and strains as treatment factors. The seasonal influence on survival was

evaluated separately.
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not be correlated with any nutrients, organic matter, bio-

logical oxygen demand (BOD), or chemical oxygen

demand (COD) of wastewaters collected at different

sampling intervals (data not shown). Representative data

of chemical analysis of wastewaters from three sampling

intervals is shown in Table 4.

Strain variations in survival

In addition to their rapid decline, strain variation was

observed in the survival of E. coli (Fig. 5) in microcosms

prepared with water collected from both circulated and

settling lagoons from dairy A. Similar results were

obtained in tests conducted using the water collected

from the same dairy at one or more intervals (data not

shown). Mean D-values for strains tested in wastewaters

from dairy A ranged from 0Æ7 to 6Æ1 days (Fig. 5). Com-

pared with these D-values, the strains persisted in waste-

waters between 3 and >38 days. Significant differences

were observed between the strains (P ¼ 0Æ009) and the

mixing status (P ¼ 0Æ022; mean D-value for circulated ¼
3Æ7 days, D-value for settling ¼ 2Æ5 days) of water from

dairy A. However, there was no statistically significant

interaction between the strains and the circulation status

(P ¼ 0Æ359). An E. coli H7 isolate (MM260) from the cir-

culated lagoon survived longer in both circulated and

settling waters (Fig. 5). Nevertheless, a different E. coli

H7 isolate (MM158), survived longest in settling water

from dairy B collected during November (D ¼
9Æ4 days; Table 3). This organism was detected at 4 ·
102 CFU ml)1 even after 38 days in the microcosms.

Acclimation of Escherichia coli O157:H7 in wastewater

In a study that simulated pathogen loading of lagoons by

re-introduction of re-cycled wastewater with manure,

MM158 failed to acclimate during four inoculations to

water from dairy A incubated for 45 days (Fig. 6).

Figure 3 Similarity in the decline of Escheri-

chia coli O157:H7 strain MM149 in waste-

water from circulated lagoon in dairy A

( , solid line) and settling lagoon from dairy

B (n, broken line). Total aerobic bacterial (d)

and coliform ( ) plate counts of wastewater

from circulated lagoon are shown. Aerobic

bacterial and coliform counts from settling

lagoon water from dairy B are similar to the

counts from the circulated lagoon of dairy A

and are not shown. Error bars represent SD

from the mean of three replicates.

Figure 4 Seasonal influence of temperature on the survival of

Escherichia coli O157:H7 strain MM149 in circulated manure waste-

water from dairy A. Average monthly temperatures (() were plotted

against decimal reduction values ( ) for MM149.

Table 3 Range of D-values obtained for Escherichia coli strains from

all microcosm tests using wastewaters from dairies A and B

Strain#

D-value*

(lowest/highest)

Wastewater

source

Water collection

date

MM100 0Æ5 Settling A February 2002

7Æ0 Circulated A December 2001

MM149 0Æ6 Settling A February 2002

6Æ8 Circulated A November 2002

MM202 0Æ5 Settling A March 2002

3Æ0 Circulated A March 2002

MM158 1Æ9 Settling A February 2002

9Æ4 Settling B November 2002

MM260 4Æ1 Settling A September 2002

8Æ8 Circulated A July 2002

*Lowest to highest D-values are from 15 different tests conducted

during December 2001–April 2003. Wastewaters, from which the

extreme D-values were obtained and the corresponding water collec-

tion dates are shown.
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Although the populations declined slowly (D ¼ 7Æ9 days)

during the first inoculation, they declined rapidly during

the subsequent re-inoculations. D-value after the fourth

inoculation was 0Æ9 days. MM158 also failed to acclimate

in wastewater from settling pit, and declined at the same

rate as in wastewater from the circulated lagoon.

Survival of native bacteria from wastewaters

Nutrient limitation in laboratory microcosms could be a

reason for the inability of introduced pathogens to sur-

vive and proliferate in wastewater. Microcosms were val-

idated to see if the nutrients in wastewater can support

growth of a tenfold increase in native organisms during a

67-day trial. In addition, the native rifR bacteria from

Table 4 Chemical characteristics of manure wastewater from two dairies

September 2002 November 2002 January 2003

Circulated

A

Settling

pit A

Settling

lagoon B

Circulated

A

Settling

pit A

Settling

lagoon B

Circulated

A

Settling

pit A

Settling

lagoon B

N 268 265 512 351 519 133 1284 1476 1022

P 89 86 53 122 107 180 67 105 107

K 420 413 363 527 559 583 695 813 811

S 45 31 7 79 15 103 69 90 36

Mg 92 113 102 142 118 170 129 158 120

Ca 94 174 140 234 358 314 255 332 182

Na 213 202 151 283 151 307 342 394 185

Fe 57 26 4Æ8 9Æ9 8Æ5 40 9Æ1 8Æ8 11

Al 25 13 1Æ7 5Æ0 6Æ0 19 5Æ6 7Æ9 9Æ8

Mn 0Æ4 2Æ1 0Æ6 1Æ6 1Æ0 2Æ9 1Æ5 2Æ3 1Æ3

Cu <0Æ1 0Æ7 <0Æ1 0Æ3 0Æ4 0Æ1 0Æ5 0Æ6 0Æ5

Zn 0Æ1 2Æ6 <0Æ1 1Æ1 0Æ8 2Æ9 1Æ8 2Æ2 1Æ4

NO�3 <0Æ5 <0Æ5 <0Æ5 <0Æ5 <0Æ5 <0Æ5 <0Æ5 0Æ6 <0Æ5

NHþ4 230 232 270 247 293 259 396 642 332

EC 3Æ6 4Æ2 4Æ9 5Æ4 5Æ9 4Æ9 8Æ0 9Æ3 5Æ6

OM 1300 4200 1800 1590 2989 1298 3873 5701 2298

BOD 561 579 578 514 792 183 2163 2410 927

COD 1947 2109 1825 3193 6798 1916 1980 2500 460

TSS 400 545 230 1770 4330 1180 1867 2765 393

Values are in lg ml)1 except for electrical conductivity (EC), which is expressed as mS cm)1; OM, organic matter; BOD, biological oxygen demand;

COD, chemical oxygen demand; TSS, total suspended solids.

Figure 5 Strain variations in the survival of Escherichia coli in circula-

ted and settling pit wastewaters from dairy A. The Escherichia coli

strains compared were: (1) MM149; (2) MM158; (3) MM260; (4)

MM100, and (5) MM202.
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Figure 6 Acclimation of Escherichia coli H7 strain MM158 during

four inoculations to circulated manure lagoon water from dairy A.
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wastewaters were monitored as surrogates for introduced

rifR pathogens. Bacterial colonies of different colours and

shapes were enumerated on LB agar, supplemented with

rifampicin, and these rifR bacteria represented 7 · 105–

8 · 105 CFU ml)1 in both circulated and settling waters.

Surprisingly, rifR bacteria were also present in high num-

bers (2 · 105–3 · 105 CFU ml)1) in untreated wastewa-

ters and they represent �1–2% of total aerobic bacterial

counts (1Æ4 ± 1Æ1 · 107 CFU ml)1). Native rifR bacteria

declined slowly from both circulated and settling waste-

waters (Fig. 7). D-value for rifR bacteria from both waters

was 21Æ3 ± 1Æ2 days. Total aerobic bacterial populations

also declined at the same rate as the rifR bacteria. How-

ever, the native coliforms declined from 103 CFU ml)1 to

undetectable levels in less than 10 days (Fig. 7). D-value

for coliforms from both waters was 3Æ8 ± 0Æ8 days. Coli-

form and aerobic bacterial counts were similar in waters

from both dairies.

Discussion

Contamination of dairy, meat, fruit, and vegetable prod-

ucts with foodborne pathogenic bacteria can be related to

direct or indirect exposure to pathogen-laden animal

wastes (Pell 1997). Finding the on-farm site(s) of patho-

gen survival and proliferation will facilitate the develop-

ment of more effective and targeted intervention

strategies to minimize food safety risks while still making

greater use of manure as a valuable agricultural resource.

Pathogen survival in solid manure and manure slurries

has been studied, but little is known of the fate in man-

ure lagoons. We were unable to detect E. coli O157:H7 in

a survey of a wide range of samples that include lagoon

water, from two California dairies by using plating,

enrichment and immuno-magnetic bead-enhanced isola-

tion methods, sensitive for sampling solid manure and

water (Hancock et al. 1994, 1997; Elder et al. 2000; John-

son et al. 2003). The failure to detect E. coli O157:H7 is

not surprising, as Vernozy-Rozand et al. (2002) could

find only one O157:H7 strain from 752 samples of man-

ure slurries, manure, compost, and municipal sewage in

France. On the contrary, E. coli O157:H7 was detected in

high numbers throughout the year from dairy wastewater

wetlands (Ibekwe et al. 2002). As pathogens were not

detected in wastewaters, we studied the pathogen fate in

laboratory models using wastewater collected from Cen-

tral California dairy lagoons. We found that pathogens

were noncompetitive and unable to establish when

introduced into the wastewater. We also observed a

proportional decline of E. coli O157:H7 Odwalla popu-

lations when the inoculum was reduced from 107 to

104 CFU ml)1. Thus, subsequent studies on survival were

made at 105–107 CFU ml)1. We were surprised to find a

high-resident population (105 CFU ml)1) of bacteria

resistant to rifampicin in the wastewater. This did not

interfere with the detection of introduced strains that

were marked with resistance to both rifampicin and nali-

dixic acid, but it does raise questions of cross-resistance

development in populations of bacteria in wastewater.

However, natural resistance to rifampicin appears to be a

common trait in pathogens (Stock and Wiedemann 1999,

2000, 2002) likely to be present in animal wastes (Pell

1997). We also found that E. coli H7 failed to acclimate

and declined following repeated loading of the micro-

cosms with pathogens mimicking the repeated loading

that occurs on a dairy when wastewater is re-cycled for

lane flushing. A more rapid decline was observed under

the conditions of re-inoculations.
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Figure 7 Fate of native rifampicin-resistant

(rifR) bacteria ( , n), total aerobic bacteria

(d, s), and coliforms ( , )) in circulated

manure water from dairy A (solid lines;

d, m, r) and settling lagoon water from

dairy B (broken lines; s, n, )). The field

circulated wastewater was mixed during

incubations. Error bars represent SD from the

mean of three replicates.
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Introduced E. coli O157:H7 and E. coli H7 declined by

90% within 1–10 days in all trials, and in general, disap-

peared in less than 4 weeks. Similar decimal reduction

times of 3–15 days (Himathongkham et al. 1999) have

been reported for E. coli O157:H7 in manure slurries.

Temperature plays a role in pathogen destruction, with

decline being generally greater at higher temperatures

(Heinonen-Tanski et al. 1998; Himathongkham et al.

2000; Jiang et al. 2002, 2003; Guan and Holley 2003).

Seasonal temperature fluctuations have an indirect influ-

ence on pathogen decline. This suggests that decline

should be even greater on farms in California, where the

seasonal temperatures often exceed 23�C, which is the

temperature used in our laboratory trials. We observed a

higher decimal reduction time for E. coli O157:H7 in tests

with wastewaters collected during the winter as compared

with the summer months. The observed dramatic increase

in D-value for MM149 from September to November, as

the temperature dropped from 23 to 12�C clearly demon-

strates the seasonal influence on the survival of pathogens

in wastewater.

Of the five E. coli strains evaluated, only one had con-

sistently higher D-values, suggesting that genetic differ-

ences between strains can predispose the bacteria to

respond differently to the chemical and biological compo-

nents of the lagoon water. Strain-dependent variability

has been reported for E. coli survival in soil (Topp et al.

2003) and seawater environments (Rigsbee et al. 1997).

Strains that survive longer in wastewater may have an

increased probability of re-infecting the animals. Thus,

determining the genetic, environmental, and biological

factors that influence the proliferation of selective strains

of pathogens is critical in understanding and preventing

pathogen outbreaks linked to manure.

The inability of introduced pathogens to establish

and proliferate in wastewater may be due to competi-

tion from indigenous micro-organisms. As the commu-

nity interactions are complex, we only monitored the

influence of introduced pathogens on populations of

aerobic bacteria and coliforms. Aerobic bacteria were

maintained at high levels in the presence or absence of

introduced pathogens. This is not surprising, because

they were native to the wastewater, and probably had

an advantage over introduced pathogens. Wastewater

from both dairies had high levels of nutrients adequate

to support the native populations. As a result, the rifR

bacterial populations in our microcosms declined slowly

with a 90% reduction in 21 days as compared with

0Æ5–9 days for E.coli O157:H7 or H7 strains. The simi-

larity in the survival of native rifR bacteria and the

total aerobic bacterial populations from wastewater was

unexpected and raises concerns about antibiotic resist-

ance in dairy environments. In contrast, native coli-

forms were observed to decline as rapidly as the

introduced pathogens.

The rapid decline of E. coli strains in the absence of

dissolved oxygen in microcosms suggests that other fac-

tors may be more significant for their survival in manure

lagoons. It is surprising that E. coli failed to survive in

oxygen-deficient wastewaters that are likely to be condu-

cive for the growth of facultative anaerobes. Similar to

the microcosms, dissolved oxygen was also not detected

in lagoons installed with CirCulatorsTM (Rumburg et al.

2004). Other factors that may play a role in pathogen

decline, such as seasonal changes in the chemistry and

biology of wastewater, need to be investigated. The release

of ammonia and carbonate at high pH is known to

reduce E. coli O157:H7 (Himathongkham et al. 2000;

Russell and Jarvis 2001; Park and Diez-Gonzalez 2003).

Likewise, volatile fatty acid release, as pH declines under

anaerobic conditions, reduces E. coli O157:H7 (Harris

et al. 2001). As E. coli O157:H7 declined with D-values

less than 9Æ4 days in water from lagoons, holding the con-

taminated water (Vernozy-Rozand et al. 2002) for suffi-

cient cycles of reduction should yield higher quality water

for crop irrigations. Such reduction in naturally occurring

E. coli O157:H7 was achieved by holding the wastewater

in constructed wetlands (Ibekwe et al. 2002).

We found that pathogenic and nonpathogenic E. coli

added to our microcosms were unable to proliferate in

wastewater from lagoons. However, even low numbers of

pathogens may pose an epidemiological risk if they escape

into environments that favour their re-growth. The deadly

Walkerton, Canada outbreak of E. coli O157:H7 was

caused by contamination of drinking water with low lev-

els of pathogen that established and increased in biofilms

(Holme 2003). We have found that in more complex

water environments, introduced pathogens re-grow only

in the presence of an added carbon source (Duffy et al.

2004). Food safety risks may occur at numerous points as

a result of pathogen re-growth. We have found that path-

ogens can survive on crops (Duffy 2003), and are examin-

ing if pathogen re-growth is a source of infection. The

recurrence of outbreaks (DeWaal et al. 2005) resulting

from contaminated fruits and vegetables suggest that the

pathogens in manure lagoons are either culturable (Ibe-

kwe and Grieve 2003), or in an altered viable but noncul-

turable state that may or may not be induced by stress

(Rigsbee et al. 1997; Cuny et al. 2005). The pathogens are

later resuscitated to a culturable state (Steinert et al.

1997) on produce, or become virulent and infectious by

in vivo resuscitation (Rahman et al. 1996) in the host.

Hence, it is critical to determine the conditions under

which pathogens revert to culturable state. Although, cir-

culating aeration of lagoons did not influence the decline

of E. coli in this study, it is possible that seasonal, biologi-
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cal, and chemical factors might have a greater influence

on the fate of pathogens in this environment. Thus,

determining the survival factors for pathogens in manure

lagoons is crucial in developing strategies to minimize the

contamination of food and fodder crops irrigated with

wastewater from dairies.

Acknowledgements

We thank Michael Cooley for helpful discussions, critical

review and advice; Robert Mandrell for strains; Anna

Korn for technical assistance; and Circul8 Systems, Rear-

dan, WA, USA for supplying the miniaturized circulators

used in these studies and assistance with acquiring sam-

ples.

The work was funded by the US Department of Agri-

culture, Agricultural Research Service under CRIS project

5325-32000-005.

References

Avery, L.M., Killham, K. and Jones, D.L. (2005) Survival of

E. coli O157:H7 in organic wastes destined for land

application. J Appl Microbiol 98, 814–822.

Avery, L.M., Hill, P., Killham, K. and Jones, D.L. (2004)

Escherichia coli O157 survival following the surface and

sub-surface application of human pathogen contaminated

organic waste to soil. Soil Biol Biochem 36, 2101–2103.

Beuchat, L.R. and Ryu, J.H. (1997) Produce handling and pro-

cessing practices. Emerg Infect Dis 3, 459–465.

Bolton, D.J., Byrne, C.M., Sheridan, J.J., McDowell, D.A. and

Blair, I.S. (1999) The survival characteristics of a non-toxi-

genic strain of Escherichia coli O157:H7. J Appl Microbiol

86, 407–411.

Cuny, C., Dukan, L., Fraysse, L., Ballesteros, M. and Dukan, S.

(2005) Investigation of the first events leading to loss of

culturability during Escherichia coli starvation: future non-

culturable bacteria form a subpopulation. J Bacteriol 187,

2244–2248.

DeWaal, C.S., Barlow, K. and Hicks, G. (2005) Outbreak alert!

Closing the gaps in our federal food-safety net. Center for

Science in the Public Interest. URL http://www.cspinet.org/

new/pdf/outbreakalert2005.pdf. Accessed 2 February 2006.

Duffy, B. (2003) Tomato hybrid differences as hosts for human

pathogenic E. coli O157:H7 and Salmonella Thompson.

Tests Agrochem Cult Assoc Appl Biol 24, 16–17.

Duffy, B., Sarreal, C., Ravva, S. and Stanker, L. (2004) Effect

of molasses on regrowth of E. coli O157:H7 and Salmonella

in compost teas. Compost Sci Util 12, 93–96.

Elder, R.O., Keen, J.E., Siragusa, G.R., Barkocy-Gallagher, G.A.,

Koohmaraie, M. and Laegreid, W.W. (2000) Correlation of

enterohemorrhagic Escherichia coli O157 prevalence in

feces, hides, and carcasses of beef cattle during processing.

Proc Natl Acad Sci USA 97, 2999–3003.

Garber, L., Wells, S., Schroeder-Tucker, L. and Ferris, K.

(1999) Factors associated with fecal shedding of verotoxin-

producing Escherichia coli O157 on dairy farms. J Food

Prot 62, 307–312.

Guan, T.Y. and Holley, R.A. (2003) Pathogen survival in swine

manure environments and transmission of human enteric

illness – a review. J Environ Qual 32, 383–392.

Hancock, D.D., Besser, T.E., Kinsel, M.L., Tarr, P.I., Rice,

D.H. and Paros, M.G. (1994) The prevalence of Escherichia

coli O157.H7 in dairy and beef cattle in Washington State.

Epidemiol Infect 113, 199–207.

Hancock, D.D., Rice, D.H., Herriott, D.E., Besser, T.E., Ebel,

E.D. and Carpenter, L.V. (1997) Effects of farm manure-

handling practices on Escherichia coli O157 prevalence in

cattle. J Food Prot 60, 363–366.

Harris, I., Henry, D.P. and Frost, A. (2001) The effect of vola-

tile fatty acids in acidified fermented piggery effluent on

shiga-toxigenic and non-toxic resident strains of Escheri-

chia coli. Lett Appl Microbiol 33, 415–419.

Heber, A.J., Ni, J.Q. and Lim, T.T. (2002) Odor flux measure-

ments at a facultative swine lagoon stratified by surface

aeration. Appl Engin Agric 18, 593–602.

Heinonen-Tanski, H., Niskanen, E.M., Salmela, P. and Lanki, E.

(1998) Salmonella in animal slurry can be destroyed by aer-

ation at low temperatures. J Appl Microbiol 85, 277–281.

Hill, V.R. and Sobsey, M.D. (2003) Performance of swine

waste lagoons for removing Salmonella and enteric micro-

bial indicators. Trans ASAE 46, 781–788.

Himathongkham, S., Bahari, S., Riemann, H. and Cliver, D.

(1999) Survival of Escherichia coli O157:H7 and Salmonella

typhimurium in cow manure and cow manure slurry.

FEMS Microbiol Lett 178, 251–257.

Himathongkham, S., Riemann, H., Bahari, S., Nuanualsuwan,

S., Kass, P. and Cliver, D.O. (2000) Survival of Salmonella

typhimurium and Escherichia coli O157:H7 in poultry man-

ure and manure slurry at sublethal temperatures. Avian

Dis 44, 853–860.

Holme, R. (2003) Drinking water contamination in Walkerton,

Ontario: positive resolutions from a tragic event. Water Sci

Technol 47, 1–6.

Ibekwe, A.M. and Grieve, C.M. (2003) Detection and quantifi-

cation of Escherichia coli O157:H7 in environmental sam-

ples by real-time PCR. J Appl Microbiol 94, 421–431.

Ibekwe, A.M., Watt, P.M., Grieve, C.M., Sharma, V.K. and

Lyons, S.R. (2002) Multiplex fluorogenic real-time PCR

for detection and quantification of Escherichia coli

O157:H7 in dairy wastewater wetlands. Appl Environ

Microbiol 68, 4853–4862.

Janisiewicz, W.J., Conway, W.S., Brown, M.W., Sapers, G.M.,

Fratamico, P. and Buchanan, R.L. (1999) Fate of Escherichia

coli O157:H7 on fresh-cut apple tissue and its potential for

transmission by fruit flies. Appl Environ Microbiol 65, 1–5.

Jiang, X., Morgan, J. and Doyle, M.P. (2002) Fate of Escheri-

chia coli O157:H7 in manure-amended soil. Appl Environ

Microbiol 68, 2605–2609.

S.V. Ravva et al. Survival of E. coli O157:H7 in dairy lagoons

Journal compilation ª 2006 The Society for Applied Microbiology, Journal of Applied Microbiology 101 (2006) 891–902

No claim to original US Government works 901



Jiang, X., Morgan, J. and Doyle, M.P. (2003) Fate of Escheri-

chia coli O157:H7 during composting of bovine manure in

a laboratory-scale bioreactor. J Food Prot 66, 25–30.

Johnson, J.Y., Thomas, J.E., Graham, T.A., Townshend, I.,

Byrne, J., Selinger, L.B. and Gannon, V.P. (2003) Preval-

ence of Escherichia coli O157:H7 and Salmonella spp. in

surface waters of southern Alberta and its relation to man-

ure sources. Can J Microbiol 49, 326–335.

Jones, D.L. (1999) Potential health risks associated with the

persistence of Escherichia coli O157 in agricultural environ-

ments. Soil Use Manag 15, 76–83.

Kudva, I.T., Blanch, K. and Hovde, C.J. (1998) Analysis of

Escherichia coli O157:H7 survival in ovine or bovine man-

ure and manure slurry. Appl Environ Microbiol 64, 3166–

3174.

Laegreid, W.W., Elder, R.O. and Keen, J.E. (1999) Prevalence

of Escherichia coli O157:H7 in range beef calves at wean-

ing. Epidemiol Infect 123, 291–298.

Lee, S.H., Levy, D.A., Craun, G.F., Beach, M.J. and Calderon,

R.L. (2002) Surveillance for waterborne-disease outbreaks

– United States, 1999–2000. MMWR Surveill Summ 51,

1–47.

Mead, P.S., Slutsker, L., Dietz, V., McCaig, L.F., Bresee, J.S.,

Shapiro, C., Griffin, P.M. and Tauxe, R.V. (1999) Food-

related illness and death in the United States. Emerg Infect

Dis 5, 607–625.

Pacheco-Ferreira, A., Oliveira-Carvalho, J.D., Silva-Miranda,

C.A. and Ugarte, A.M. (2002) The dangers of enter-

ohaemorrhagic Escherichia coli: an emergent pathogen. Rev

Biomed 13, 124–129.

Park, G.W. and Diez-Gonzalez, F. (2003) Utilization of car-

bonate and ammonia-based treatments to eliminate

Escherichia coli O157:H7 and Salmonella Typhimurium

DT104 from cattle manure. J Appl Microbiol 94, 675–685.

Park, S., Worobo, R.W. and Durst, R.A. (1999) Escherichia coli

O157:H7 as an emerging foodborne pathogen: a literature

review. Crit Rev Food Sci Nutr 39, 481–502.

Pell, A.N. (1997) Manure and microbes: public and animal

health problem? J Dairy Sci 80, 2673–2681.

Rahman, I., Shahamat, M., Chowdhury, M.A. and Colwell,

R.R. (1996) Potential virulence of viable but nonculturable

Shigella dysenteriae Type 1. Appl Environ Microbiol 62,

115–120.

Rigsbee, W., Simpson, L.M. and Oliver, J.D. (1997) Detection

of the viable but nonculturable state in Escherichia coli

O157:H7. J Food Saf 16, 255–262.

Rumburg, B., Neger, M., Mount, G.H., Yonge, D., Filipy, J.,

Swain, J., Kincaid, R. and Johnson, K. (2004) Liquid and

atmospheric ammonia concentrations from a dairy lagoon

during an aeration experiment. Atmos Environ 38, 1523–

1533.

Russell, J.B. and Jarvis, G.N. (2001) Practical mechanisms for

interrupting the oral-fecal lifecycle of Escherichia coli.

J Mol Microbiol Biotechnol 3, 265–272.

Steinert, M., Emody, L., Amann, R. and Hacker, J. (1997)

Resuscitation of viable but nonculturable Legionella pneu-

mophila Philadelphia JR32 by Acanthamoeba castellanii.

Appl Environ Microbiol 63, 2047–2053.

Stock, I. and Wiedemann, B. (1999) Natural antibiotic

susceptibility of Escherichia coli, Shigella, E. vulneris, and

E. hermannii strains. Diagn Microbiol Infect Dis 33,

187–199.

Stock, I. and Wiedemann, B. (2000) Natural antibiotic suscep-

tibility of Salmonella enterica strains. Int J Antimicrob

Agents 16, 211–217.

Stock, I. and Wiedemann, B. (2002) Natural antibiotic suscep-

tibility of Enterobacter amnigenus, Enterobacter canceroge-

nus, Enterobacter gergoviae and Enterobacter sakazakii

strains. Clin Microbiol Infect 8, 564–578.

Topp, E., Welsh, M., Tien, Y.C., Dang, A., Lazarovits, G.,

Conn, K. and Zhu, H. (2003) Strain-dependent variability

in growth and survival of Escherichia coli in agricultural

soil. FEMS Microbiol Ecol 44, 303–308.

Vernozy-Rozand, C., Montet, M.P., Lequerrec, F., Serillon, E.,

Tilly, B., Bavai, C., Ray-Gueniot, S., Bouvet, J. et al. (2002)

Prevalence of verotoxin-producing Escherichia coli (VTEC)

in slurry, farmyard manure and sewage sludge in France.

J Appl Microbiol 93, 473–478.

Survival of E. coli O157:H7 in dairy lagoons S.V. Ravva et al.

902
Journal compilation ª 2006 The Society for Applied Microbiology, Journal of Applied Microbiology 101 (2006) 891–902

No claim to original US government works


